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Abstract
Background: Post-translational modification (PTM) of proteins is one important strategy employed by bacteria for
environmental adaptation. However, PTM profiles in deep-sea microbes remain largely unexplored.
Results: We provide here insight into PTMs in a hydrothermal vent microbial community through integration of
metagenomics and metaproteomics. In total, 2919 unique proteins and 1306 unique PTMs were identified, whereas
the latter included acetylation, deamination, hydroxylation, methylation, nitrosylation, oxidation, and phosphorylation.
These modifications were unevenly distributed among microbial taxonomic and functional categories. A connection
between modification types and particular functions was demonstrated. Interestingly, PTMs differed among the
orthologous proteins derived from different bacterial groups. Furthermore, proteomic mapping to the draft genome of
a Nitrospirae bacterium revealed novel modifications for proteins that participate in energy metabolism, signal
transduction, and inorganic ion transport.
Conclusions: Our results suggest that PTMs are enriched in specific functions, which would be important for microbial
adaptation to extreme conditions of the hydrothermal vent. PTMs in deep-sea are highly diverse and divergent, and
much broader investigations are needed to obtain a better understanding of their functional roles.
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Background
Hydrothermal vents are cracks in the earth’s crust where
high-temperature water escapes after being heated in the
below rocks. Scientists have explored the deep ocean
hydrothermal vents and were surprised to find the areas
teeming with abundant life [1–3]. As important players,
microbial populations participate in diverse biogeochem-
ical processes, including the nitrogen, sulfur, and carbon
cycles. Microbes in hydrothermal fields are mostly
sustained by energy derived from inorganic redox re-
actions. Despite the common general origin of the
investigated hydrothermal vents and the important
roles of microbial communities, mechanisms under-
lying microbial adaptation to the vent environments
remain largely unknown.
As one of the important strategies for environmental
adaptation, post-translational modifications (PTMs) play
crucial roles in regulating protein function and control-
ling several fundamental features of microbial biology,
such as cell signaling, protein turnover, cell-cell interac-
tions, and cell differentiation. For example, protein
methylation denotes the addition of a methyl group to a
protein or the substitution of an atom or group by a me-
thyl group, and it is involved in mediating protein-protein
interactions and enhancing protein thermostability [4]; the
hydroxylation of specific residues in the ribosome has
been identified in bacteria, suggesting a role for hydroxyl-
ation in cell growth and cycling [5]; in addition, phos-
phorylation and methylation collectively regulate signal
transduction in bacteria [6, 7].
Among the studies focused on PTMs to date, labora-
tory strains have served as models or research subjects
in most cases. However, the microbial community in na-
ture is very complex, and thus, characterizing PTM
events in natural communities is a challenging task. Li et
al. identified PTMs in two growth stages of acid mine
drainage (AMD) biofilms using a shortgun proteomics
approach. They analyzed the PTMs profile based on an
enrichment-independent technique that allowed the dir-
ect quantification of different modification events and
characterized eight common biological PTM types [8].
More recently, Marlow et al. studied protein PTMs in
microbial communities from marine methane seep habi-
tats and focused on PTMs of methyl-coenzyme M re-
ductase (Mcr) orthologs [9]. These studies have provided
insights into PTMs in natural microbial communities,
which are barely being explored.
In the present study, we employed metaproteomics,
metagenomics, and genome binning to explore the PTMs
in the microbial community from a hydrothermal vent
plume on the South Mid Atlantic Ridge (SMAR). The
findings have provided new insight into PTM events in
deep-sea extreme areas and motivated further study of
their roles in microbial ecology and physiology.
Results
Overview of the metagenome, metaproteome, and PTMs
Information for the assembled metagenome is summa-
rized in Additional file 1: Table S1. The total number of
contigs was 24,099, with an N50 of 10,361 bp, to gener-
ate 171,515 open reading frames (ORFs). These ORFs
were used as a database for the following metaproteomic
analysis. Using gel-based fractionation (eight fractions
for each metaproteomic sample) of the free-labeled pep-
tides and LTQ-Orbitrap-MS/MS analysis (work flow
shown in Additional file 1: Figure S1), we identified in total
2919 unique proteins, from 1,978,700 peptide-spectrum
matches for the two metaproteomes (metaproteo-1 and
metaproteo-2). Among these proteins, 766 were shared by
the two metaproteomes. The high-resolution MS/MS gen-
erated a high mass accuracy (<0.02 Da mass error and a
very low false discovery rate of 0.1 %). Mascot Daemon
searching produced a total of 1306 unique PTMs for the
two metaproteomes (PTM1 and PTM2), including acetyl-
ation, deamination, hydroxylation, methylation, nitrosyla-
tion, oxidation, and phosphorylation. Detailed information
regarding the number of identified proteins and PTMs in
the two metaproteomes is summarized in Additional file 1:
Figure S2, and all PTMs are listed in Additional file 2.
Taxonomic distribution of the metagenome, metaproteome,
and PTMs
The hidden Markov models (HMMs) of conserved single-
copy proteins were extracted from the metagenome and
metaproteome-derived ORFs and searched against the Na-
tional Center for Biotechnology Information (NCBI)-Nr
database to reveal the taxonomic structures. Assignment
of the reads at the class level revealed the prevalence of
Alphaproteobacteria, Betaproteobacteria, Gammaptoteo-
bacteria, Deltaptoteobacteria, and Nitrospira (phylum
Nitrospirae) (Fig. 1a). Compared with the metagenome,
the metaproteomes were enriched for Deltaptoteobacteria,
which were clearly more enriched in the PTM profiles
(Student’s t test, P < 0.005, PTMs versus metaproteomes).
Moreover, bacteria belonging to the phylum Nitrospirae
were also enriched in the PTM profiles (P < 0.05, PTMs
versus metaproteomes).
Functional distribution of the metagenome,
metaproteome, and PTMs
All of the ORFs from the metagenome and metaproteomes
were searched against the protein databases, including Clus-
ters of Orthologous Groups (COGs), Kyoto Encyclopedia of
Genes and Genomes (KEGG), and NCBI-Nr, to identify the
functional profiles. The distribution of COG functional cat-
egories is summarized in Fig. 1b. One of the notable results
was that the genes responsible for translation [J] and repli-
cation [L] accounted for 20–30 % of the metagenome and
metaproteome, but their total abundance decreased to <7 %
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in the PTMs. In contrast, several COG functional categories
were significantly enriched for PTMs when compared with
the metaproteomes, including transcription [K] (Student’s t
test, P < 0.05) cell motility [N] (P < 0.05), energy production
[C] (P < 0.05), coenzyme transport and metabolism
[H] (P < 0.01), and inorganic ion transport and metab-
olism [P] (P < 0.05).
To confirm the functional profiles, individual genes
annotated by KEGG are summarized in Fig. 2. The most
abundant proteins with modifications included those re-
lated to electron transport and energy production, such as
F-type ATPase and ribulose-biophosphate carboxylase; in-
organic ion metabolism, such as nitric oxide reductase,
phosphate transport system protein, iron complex outer
membrane receptor protein, sulfate adenylyltransferase,
and Cu2+-exporting ATPase; and signal transduction and
chemotaxis, such as TetR and AcrR family transcriptional
regulators and FlgC. The prevalence of these genes was
consistent with the COG categories. In addition, a number
of genes responsible for gene recombination, such as
transposase and restriction enzymes, were identified.
Correlation between PTM types and functional categories
The above results revealed the enrichment of PTMs in
particular pathways, such as inorganic ion transport and
energy metabolism. It can be hypothesized that the dis-
tribution of PTM types in different functional categories
was also uneven because molecular studies of model
species have demonstrated that divergent modifications
exert distinct functions. Thus, we first summarized the
percentages of the seven different PTM types (Fig. 3a).
Methylation was the most prevalent PTM type, account-
ing for 40 % of the PTMs, followed by deamination, which
accounted for 30 %. In contrast, nitrosylation and phos-
phorylation only accounted for 1–2 %. We distributed the
seven PTM types into COG categories, as shown in Fig. 3b.
Proteins that are important for inorganic ion metabolism
[P] were mainly associated with hydroxylation; energy
production [C] was associated with methylation, oxida-
tion, and deamination; and cell motility was associated
with deamination and methylation.
We further explored the PTMs in orthologous pro-
teins from different taxa. Examples included F-type
Fig. 1 Taxonomic and functional structures of the metagenome, metaproteome, and PTMs. One metagenomic and two metaproteomic samples
were included in the analysis. a Taxonomic classification at the class level based on conserved single-copy proteins. b Functional classification
according to the COG categories
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Fig. 3 Correlation between PTM types and functional categories. a Percentages of the seven different PTM types. b Distribution of the seven PTM
types among the COG categories. Ac acetylation, De deamination, Hy hydroxylation, Me methylation, Ni nitrosylation, Ox oxidation,
Ph phosphorylation
Fig. 2 The 40 proteins with the most abundant PTMs. The proteins were annotated according to the KEGG database. The results derived from
the two metaproteomes are shown, which were designated as PTM1 and PTM2, respectively
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ATPases belonging to Bacteroidia, Gammaproteobacteria,
Flavobacteriia, and Alphaproteobacteria based on the
MEtaGenome ANalyzer (MEGAN) analysis (Additional
file 1: Figure S3). The results revealed the divergence of
PTMs, although the selected amino acid sequences were
rather conserved. The modification types included acetyl-
ation, deamination, methylation, and oxidation, whereas
the modification sites included lysine, glutamine, and
methionine.
Genome information for the dominant microbe,
Nitrospirae bacterium sp. nov
To further understand the organization of functions and
PTMs, we recovered one draft genome from the metagen-
ome dataset. Based on the phylogenetic tree constructed
using 16S ribosomal RNA (rRNA) genes (Additional file 1:
Figure S4), the bacterium had a close phylogenetic rela-
tionship with the bacterial members of the phylum Nitros-
pirae. The bacterium was located in the same branch as
uncultured bacteria from hydrothermal vent areas, which
may have adapted to such extreme environments for a
long time but for which no genome information is avail-
able. The bacterium was named Nitrospirae bacterium sp.
nov. Phylogeny of single-copy genes derived from available
Nitrospirae genomes and Nitrospirae bacterium sp. nov
was also investigated (Additional file 1: Figure S5), which
placed this new Nitrospirae bacterium at a similar location
as that of the 16S rRNA gene tree. The completeness of
the genome of Nitrospirae sp. nov was estimated based on
the number of the 139 conserved single-copy protein-
encoding genes and by comparison with previously re-
ported Nitrospirae genomes that served as references
(Additional file 1: Table S2). The results showed that 20
genes, such as GAD domain-containing protein (PF02938),
potentially could not be recovered from the genome bin of
Nitrospirae bacterium sp. nov because these genes were
present in the reference genomes. In contrast, the presence
of two elongation factor TS (PF00889) and two pseudo-
uridine synthase I (PF01416) in the reference genomes in-
dicated that the observed duplication in the genome of
Nitrospirae bacterium sp. nov was not due to contamin-
ation. Thus, we assumed that the completeness of the draft
genomes was 85.6 %. Contigs of the Nitrospirae bacterium
sp. nov genome were further compared with the reference
genomes, which revealed that it shared 79.8 % of the gen-
ome inventory with other Nitrospirae bacteria.
Metabolic pathways and PTMs in Nitrospirae bacterium
sp. nov
Catalytic pathways were constructed based on the gen-
ome of Nitrospira bacterium sp. nov by blastp searches
against the KEGG database (Fig. 4). The Wood-
Ljungdahl pathway was present in the genome, which
may provide the main carbon source for this bacterium.
Genes encoding proteins that play a role in electron
transport and energy production, including those encod-
ing F-type ATPase, cytochrome bc1 complex, cyto-
chrome oxidase, and NADH dehydrogenase, were
identified. Remarkably, the genome possessed both ni-
trate reduction and sulfate reduction pathways, as indi-
cated by the presence of the narGH, norBC, dsrAB, and
aprAB genes. The presence of diverse signal transduc-
tion genes, such as phoRBPA and cheWVYA, supported
the tightly regulated metabolic activities. Moreover, a large
number of metal ion transporters were present, which are
involved in metal efflux and uptake. Compared with the
seven close relatives with complete genomes, Nitrospirae
bacterium sp. nov displayed a generally similar functional
inventory, which included a number of genes related to
glycolysis/gluconeogenesis, oxidative phosphorylation, car-
bon fixation in prokaryotes, dissimilatory nitrate reduction,
dissimilatory sulfate reduction, metal ion transport, and
signal transduction (Additional file 1: Table S3).
There were 287 proteins with PTMs in the genome of
Nitrospirae bacterium sp. nov. The selected proteins with
PTMs are highlighted in red in Fig. 4. Some extensively
modified proteins included regulators such as PhoR,
which regulates PhoBPA to sense phosphate and iron [10];
VicR, which senses osmotic stress [11]; PilR, which is a
transcriptional regulator for pilin and other genes required
for Fe (III) reduction [12]; and methyl-accepting chemo-
taxis protein (MCP) and CheW, which are involved in
chemotaxis [13]. The F-type ATPase was also found to
have unique PTMs. Proteins involved in adenosine-5′-
phosphosulfate (APS) and sulfite reduction were modified
with PTMs. In addition, transporters such as PstS, which
is responsible for phosphate uptake [14], and MlaD, which
is responsible for phospholipid transport [15], had PTMs.
Discussion
We integrated metagenomics and metaproteomics to il-
lustrate protein PTM events in a hydrothermal vent mi-
crobial community. The high resolution of the MS system
and the protein fractionation allowed an accurate identifi-
cation, whereas the unexpected high diversity of microbes
in the SMAR may have limited the number of detected
proteins and modifications. Methylation was one of the
dominant PTM events, whereas phosphorylation was
among the rare types. In prokaryotes, methyl groups can
be added to the carboxyl groups of proteins. Quite few
studies have focused on the molecular functions of protein
methylation in the microbial world. It has been evidenced
that changes in the methylation levels of the chemotaxis
signaling proteins correlate with the ability of microbes to
response to chemoeffectors [6, 16]. In Agrobacterium
tumefaciens, methylation of the electron transfer flavopro-
tein (ETFß) diminished the ability of this enzyme to medi-
ate electron transferring from various dehydrogenases
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[17]. In the hyperthermophilic archaea, Sulfolobus islandi-
cus, the helicase activity of mini-chromosome mainten-
ance (MCM) is enhanced at high temperatures (over 70 °
C) by lysine methylation [18]. Collectively, it seems that
protein methylation in microbes is involved in signal trans-
duction, energy metabolism, and protein stabilization
under high temperatures. These functions and the preva-
lence of methylation in our metaproteomes led us to as-
sume that methylation would be important for microbial
survival under the extreme conditions of the hydrothermal
vent. More evidence supporting the role of PTMs in micro-
bial adaptation to the vent environment can be provided by
the correlation between PTM types and functional categor-
ies, such as the enrichment of hydroxylation for inorganic
ion transport and metabolism. Notably, Marlow et al. ob-
served that methylation and hydroxylation were popular
PTMs affiliated with orthologs of McrA, a critical enzyme
in the reverse methanogenesis pathway, suggesting that the
two PTM types may be involved in enzyme regulation in
the deep-sea methane seep (775 m depth) [9]. By contrast,
the low relative abundance of phosphorylation was not ex-
pected because phosphorylation is an important signal
transduction mechanism that occurs in prokaryotic organ-
isms [6, 7]. Here, we found that phosphorylation was ma-
jorly associated with translation, ribosomal structure, and
biosynthesis, suggesting different strategies adopted by the
vent microbiome. Moreover, we found that the PTM profile
was dictated by taxonomy, whereas the PTMs of ortholo-
gous protein differed among microbes, indicating the
divergence of PTM patterns underlying the metabolic
distinction of closely related microbes.
The present study also demonstrates that the integra-
tion of genome binning and proteomics is a good way to
identify PTMs in unculturable bacterial species of inter-
est. Members of the Nitrospirae phylum have been re-
ported to inhabit a number of environments, such as
acid mine biofilms [8], pond sediments [19], hot springs
[20], and lakes [21]. Comparisons in the present study
revealed the generally conserved lifestyles of most of the
Nitrospirae bacteria with genome sequences. For example,
the presence of the Wood-Ljungdahl pathway suggests
autotrophic and strictly anaerobic respiration. However, Li
et al. proposed that the divergence of PTMs in Nitrospirae
may contribute to the phenotypic diversity because the
Fig. 4 The metabolic capacities and pathways with enriched PTMs of Nitrospirae bacterium sp. nov. This bacterium possesses multiple pathways
for energy metabolism, signal transduction, and inorganic ion transport, which contain several proteins with PTMs (highlighted in red)
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Leptospirillum group II dominating AMD biofilms exhibits
substantial ecological differentiation [8]. Consistently,
PTMs in Nitrospirae bacterium sp. nov in the present study
displayed different patterns from those in Leptospirillum. In
particular, the PTMs of regulators, including PhoR, VicR,
and PilR, as well as transporters including PstS and MlaD,
suggest an important role of PTMs in metal ion metabol-
ism and resistance, which may facilitate adaptation to the
vent area. The detailed functions of PTMs in these novel
genes deserve further characterization. In addition, because
proteins from different phyla may have quite similar se-
quences, we cannot be sure that all the protein sequences
mapped to Nitrospirae bacterium sp. nov exclusively belong
to this organism, and this is would be one of the
challenges faced by integrative analysis of metaproteo-
mics and metagenomics.
Conclusions
PTMs of unique proteins that play a role in energy metab-
olism, signal transduction, and inorganic ion transport
would be an important strategy for microbial adaptation to
the vent environment. PTMs in the deep sea are highly di-
verse and divergent, thus highlighting the need for broader
investigations to elucidate their functions.
Methods
Sampling
The samples were collected in our 2012 (August) cruise
to SMAR (13.35° W, 15.16 °S, and 2500 m in depth) by
“Dayang Yihao,” by a conductivity, temperature, and
depth (CTD) rosette attached to a remotely operated ve-
hicle (ROV). Hydrothermal activity was confirmed by
methane and temperature anomalies with portable mini-
ature autonomous plume recorders attached to a towed
deep-sea instrument. The block samples (each of ~1 kg)
were collected from the plume wall. After collection,
they were immediately transferred to the laboratory with
dry ice, followed by frozen in liquid nitrogen and stored
at −80 °C until use. Three samples collected decimeters
apart were used in the present study: one for the meta-
genomic sequencing, protein database construction, and
genome binning and two for the metaproteomic and
PTM analyses.
DNA extraction and Illumina sequencing
The technique used for DNA extraction has been de-
scribed in our previous work [22, 23]. Briefly, the hydro-
thermal plume samples maintained in DNA extraction
buffer were homogenized using a sterilized mortar. Subse-
quently, 50 μl of lysozyme (100 mg/μl) was added to the
samples, followed by 400 μl of 20 % SDS and 40 μl of pro-
teinase K (10 μg/μl). The total nucleic acid was then ex-
tracted and purified using the AllPrep DNA/RNA Mini
Kit (Qiagen, Hilden, Germany). Finally, ~200 ng of DNA
was subjected to an Illumina Hiseq 2000 platform
(PE500 library) at the Shanghai South Genomics Center
(Shanghai, China).
Metagenome assembly
Illumina reads were subjected to quality control using
the next-generation sequencing (NGS) QC toolkit [24]
before being assembled using SPAdes Genome Assem-
bler 3.6.1 [25] on a local server. The specified K values
21, 31, 41, 51, 61, 71, and 81 were used under the
“–careful” and “–pe” options. ORFs were predicted using
Prodigal [26] on a local server, while single procedure
and gff output formats were used. The HMMs of con-
served single-copy proteins were extracted by searching
against a local database.
Protein extraction and digestion
Protein extraction was performed following the processes
described in previous metaproteomic studies [27, 28].
After Coomassie brilliant blue staining, each lane was cut
into eight fractions and subjected to in-gel digestion ac-
cording to the protocol described by Shevchenko et al.
[29]. Briefly, the gel fractions were cut into small pieces
and placed in Eppendorf tubes. Next, 500 μl of 100 mM
ammonium bicarbonate/acetonitrile (1:1, vol/vol) was
added to each tube and incubated with occasional vortex-
ing for 300 min. Then, 500 μl of acetonitrile was added to
the sample, followed by incubation at room temperature
for 30 min. The acetonitrile was then removed, followed
by the addition of dithiothreitol solution and incubation at
56 °C for 45 min. The dithiothreitol solution was then re-
moved, and iodoacetamide solution was added followed
by incubation in the dark for 30 min. The gel pieces were
shrunk with acetonitrile prior to the removal of all liquid.
Finally, trypsin buffer was added to cover the dry gel
pieces, and the gel was incubated at 4 °C for 30 min before
being incubated at 37 °C overnight. The peptides were ex-
tracted from the gel slides, desalted, and dried in a speed-
vac.
LC-MS/MS measurements
The dried fractions were re-constituted by 0.1 % formic
acid and further analyzed by a LC-Orbitrap Elite mass
spectrometer (Thermo Scientific) following our former
methods [30]. Briefly, the peptides were fractionated in a
90-min gradient by an Easy-nLC (Thermo Fisher, Bremen,
Germany) using a C18 capillary column (Michrom BioRe-
sources, CA). The eluted peptides were first scanned in the
mass spectrometer with the mass range of 350–1800 m/z
and a resolution of 60,000. The top 15 high intensity ions
with a minimum threshold of 500 were selected for the
downstream fragmentation by using higher-energy colli-
sional dissociation (HCD). The dynamic exclusion with an
isolation width of 2.0 m/z and exclusion time of 30 s was
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adopted. We used 35 % of normalized collision energy and
0.25 activation Q in the HCD analysis.
Protein and PTM identification
The protein database comprising all ORFs from the
abovementioned metagenome was constructed using
database maintenance in Mascot (version 2.3.02). The
protein identification was performed in reference to the
methods described in our previous studies [30]. The MS
raw files were processed with Proteome Discoverer 1.0
(Thermo Fisher Scientific) to generate Mascot generic
files (mgf ) of the HCD data. The normalized mgf files
were submitted to Mascot to search the protein data-
base. The following parameters were used for protein
identification: tolerance for parent peptides and frag-
ment ions 5 ppm and 0.3 Da, respectively, and three
missed cleavages. All searches were performed with
“decoy” sequences. The false discovery rates (FDR) were
thus calculated and maintained under 0.1 %. The follow-
ing settings were used for PTM identification: 5 ppm
and 0.02 Da for parent peptides and fragment ions, re-
spectively; up to three missed cleavages; acetylation (N-
term; lysine), deamination (glutamine, asparagine, and
arginine), hydroxylation (asparagine and lysine), methy-
lation (C-term, aspartic acid, and glutamic acid), nitrosy-
lation (tryptophan and tyrosine), oxidation (methionine,
histidine, and tryptophan), and phosphorylation (serine,
threonine, and tyrosine) were searched dynamically.
PTMs were localized based on the DeltaP score, the
score between the two best alternative modification site
assignments, as described in previous studies [8, 31].
Taxonomic affinity of proteins of interest was deter-
mined by searching against the NCBI-Nr database with
blastp (e-value <1e−07) on a local server followed by
MEGAN analysis [32].
Genome binning and validation
Genome binning was performed according to the steps
described by Albertsen et al. [33] and in our previous
studies [23, 34]. The contigs belonging to different taxa
were separated based on the genome coverage, GC con-
tent, tetranucleotide frequency, and taxonomic informa-
tion. The taxonomic information for the contigs was
obtained by searching against the NCBI-Nr database
with blastp (e-value <1e−07) using a set of conserved
single-copy protein-encoding genes as queries, followed
by importation of the blast results into MEGAN 5.0 [32].
To exclude potential contig contamination from our gen-
ome bins, the extracted contigs could be checked by
searching a local database consisting of reported genomes
belonging to the same phyla. Here, we constructed a small
database comprising the ORFs of seven previously reported
complete Nitrospirae genomes [21, 35–37]. The ORFs in
the genome bin of the present study were searched against
this database with blastp (e-value <1e−07). To further as-
sess the completeness and purity of the genome bin, single-
copy protein-coding genes were also compared. In this way,
we could determine whether the duplication of single-copy
protein-coding genes was caused by contig contamination
or incorrect hybridization.
Genomic analysis
Genomic analysis was performed according to the steps
documented in our previous studies [23, 33]. Briefly, the
ORFs in the extracted genome were predicted using Prod-
igal [26] using a local server. The ORFs were annotated by
searching the KEGG [38] and COG [39]. Metabolic path-
ways were revealed using online tools in KEGG Mapper
(http://www.genome.jp/kegg/mapper.html).
Phylogenetic analysis
Phylogenetic organization of the Nitrospirae bacterium sp.
nov strain and closely related Nitrospirae strains were vi-
sualized based on 16S rRNA sequences (~1400 bp). The
reference sequences were retrieved from the NCBI data-
base. Alignment was made by ClustalW implemented by
Molecular Evolutionary Genetics Analysis (MEGA, ver-
sion 6.05) [40], and then, a maximum likelihood tree was
constructed. Phylogeny was also investigated based on
conserved single-copy genes, which were widely used in
microbiome studies [41–43]. AMPHORA [44] was used
to predict conserved single-copy genes from the genome
of Nitrospirae bacterium sp. nov and all the available
Nitrospirae genomes (draft and complete genomes) in the
NCBI database. Protein sequences corresponding to
twelve single-copy genes (tsf, rpsS, rpsJ, rpsE, rpmA, rplT,
rplS, rplF, rplE, rplC, rplB, and pgk) that were present in
all the involved genomes were aligned by ClustalW. The
aligned protein sequences were then concatenated using
an in-house script and imported to Mega to construct a
ML tree based on the Jones-Taylor-Thornton (JTT) sub-
stitution model. The bootstrap values were calculated with
500 replicates.
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